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Abstract 
The main significance factors which affect the reliability of pipelines were detected and analysed. The analyses of the pipelines’ 
material as well as the operation of water networks on undermined territories were given. 
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1. Introduction 
The main objective of the technical operation of water supply systems is to ensure reliable work of the networks 
and constructers. The most vulnerable link in the water supply system is a pipeline. Disruptions on the network are 
mainly caused by failures on the linear part. There are several causes of the pipelines' damage, they are the low 
quality pipes within long service duration, an intense internal and external corrosion, excessive pressure or its 
changes, seasonal soil movement, incorrect wiring and installation of pipelines, the occurrence of the railway 
transport and others. Low reliability of pipelines in its turn causes the accidents and loss of water. Therefore, the 
survey of the current state of water supply network and the improvement of the reliability of its operation are 
relevant. 
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Nomenclature 
V  allowable stress  
G    position of thickness of the cylinder wall 
Jf  reliability index 
 rin   inner cylinder diameter  
E   elasticity modulus 
R  membrane radius  
Nc(T)  the total number of daily pipe breaks in the forecast calendar year T 
tiT   service duration of the i- line to the forecast year T 
n   number of lines 
Ɍ0i   year of i-line construction 
N(t)  number of annual pipe breaks 
2. Basic material 
Transmission and distribution system of municipal water supply and drainage in cities and towns provide in 
average 17 million m3 of water and drain 12 million m3 of wastewater per day [1]. Moreover, almost 25 % of water 
supply systems actually worked through the amortization period, and 22.1 % ௅ are in poor condition [1]. 
A large number of factors which are closely connected affects the reliability of water supply and sewerage 
systems. The structural diagram was designed in order to analyse the significance of the factors which affect the 
reliability of the network (Fig.1) [2-8].  
 
Fig. 1. Block diagram of assessing the reliability of pipelines. 
It is convenient to rank the 27 factors and a variety of their combinations through the matrix M. Based on all 
established graphs connections each of the 27 factors or elements of the matrix M is assigned with "0" or "1". The 
figure "1" is the dependence between two factors; the figure "0" is the absence of such dependence. The numerical 
degree of importance of one factor relating to another or the degree of factors, indicators and circumstances 
domination is determined by the rank representing the sum of the elements in the matrix M line. In order to increase 
the range of the numerical values of 27 factors’ ranks, the dominant matrix is converted into matrix S (Eq. 1): 
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 (1) 
The main factors which affect the network operation are the material, service duration, the occurrence of 
aggressive groundwater and the hydraulic operating mode of the network. 
Up to 1990, 75 % of steel pipes, 5 % of cast-iron pipes and 20 % of non-metallic pipes were provided annually 
for the needs of the national economy of Ukraine, that led to a high quantity of metal in piping systems. In a number 
of foreign countries, the increased consumption of steel pipes was observed only up to 1980 [9]. 
A high percentage of metal pipelines is still observed in Ukraine (Tab. 1). 
Table 1. Structure of the water supply networks in Ukraine 
No Name of the Company 
Length of networks, [km] 
total 
Piping material 
steel castiron reinforced concrete asbestos plastic other 
1 Affiliate company in Kertch 612.5 137.4 444.1 1.3 26.1 3.6 0.0 
2 Affiliate company in Yalta 674.8 471.6 159.3 8.4 1.3 34.3 0.0 
3 Affiliate company in Yevpatoriya 418.2 203.7 137.3 11.3 66.0 0.0 0.0 
4 Affiliate company in Feodosiya 460.5 217.3 233.2 0.0 4.7 5.3 0.0 
5 Affiliate company in Simpheropol 962.0 245.9 612.9 4.5 32.8 65.9 0.0 
6 Vinnitsa regional water company 575.0 150.4 352.4 18.2 12.6 41.4 0.0 
7 Lutsk water company 310.4 102.6 177.9 0.0 15.2 14.7 0.0 
8 City water company in Dneprodzerzhinsk 746.8 336.3 399.1 8.4 0.0 3.0 0.0 
9 Krivbass water company 1848.5 718.8 1 090.1 0.0 5.9 33.7 0.0 
10 Dnepr water company 1990.8 970.2 975.7 15.7 17.0 12.1 0.1 
11 Nikolsk affiliate company 527.0 393.3 87.9 0.0 0.0 45.8 0.0 
12 «Donbass water» Company 10155.0 6078.6 3 278.1 155.8 161.8 480.7 0.0 
12 Mariupol affiliate company 1789.1 1 139.0 503.0 35.0 20.0 92.1 0.0 
13 Donetsk city water company 3138.6 2 088.0 1 013.1 0.9 6.5 30.1 0.0 
14 Zhytomir city water company 521.7 56.6 449.4 10.1 0.0 5.6 0.0 
15 Karpatvoz water company 32.2 14.3 7.5 0.0 0.0 10.4 0.0 
16 Water company in Uzhgorod 283.8 125.2 143.7 0.0 0.8 14.1 0.0 
17 Water company in Zaporozhie 2528.7 1 300.8 1 098.6 28.7 16.6 83.9 0.0 
18 Berdyansk water company 391.1 141.8 217.3 0.0 24.6 7.4 0.0 
19 Water company in Melitopol 419.8 80.4 312.6 8.9 16.1 1.8 0.0 
20 Ivano-Frankovsk water company 551.7 238.3 171.0 38.7 2.0 101.7 0.0 
21 Bela Tserkva water company 315.4 54.0 246.7 3.3 3.2 8.3 0.0 
22 OKVP (regional utility enterprise)  
Dnepr-Kirovograd 
1640.3 830.7 637.0 99.6 15.0 58.0 0.0 
The deterioration of underground pipelines reached critical values in Ukraine today, that creates a certain  threat 
for technogenic safety of the separate objects, and the whole country (Fig. 2). A similar situation is observed in 
Russia (Fig. 3), and all the countries of the former Soviet Union. 
From 1980-1990 in Ukraine 30 % (of the total) of steel pipes were directed for the replacement and repair of 
previously built pipelines. It was caused by a high rate of physical deterioration of pipes (up to 20 years). 
Transmission and distribution pipelines should ensure water supply for more than 40 years after installation. It 
can be provided by using the pipelines made of ductile cast-iron with nodular graphite. 
The advantages of ductile cast-iron pipes have been proved in practice in comparison with modern materials, 
including plastic pipes, as they have been used for more than 50 years. According to official statistics, the pipelines 
made of nodular cast-iron have one of the lowest rate of accidents (Fig. 4 and Fig. 5). 
2 4S M M M  
983 Viktor Maslak et al. /  Procedia Engineering  117 ( 2015 )  980 – 989 
  
                Fig. 2. Characteristics of wear networks                                Fig.3. Depreciation of the networks according to data [10].     
                                           in Donetsk region. 
 
               Fig. 4. Analysis of pipelines damages in West Germany                                         Fig 5. Analysis of pipelines damages in            
                    (according to the data “German union         Moscow, 2001 [11] 
                of water and gas supply” (DVGW), 1999). 
The high stability coefficient is kept by ductile cast-iron pipes even under adverse seismic conditions (Tab. 2). 
Table 2. The rate of failures at water networks in Colombia during an earthquake 
Pipeline material Network length, [km] The number of failures per  1 km of pipeline 
PVC pipes 99.95 0.80 
Ductile cast- iron pipes 5.69 0.00 
Asbestos-cement pipes 221.0 0.95 
Steel pipes 3.81 0.52 
Gray iron pipes 1.03 0.97 
PE pipes 115.13 0.00 
The ductile cast-iron pipe can be recommended for use in Ukraine, including undermined territories, due to their 
high degree of reliability. 
It should be noted that each pipe system has its strengths, weakness, and range of use. Let us analyse some 
features of pipelines failures on undermined territories, on the example of Donetsk region. 
Water supply network in Donetsk region (Tab. 1) has the greatest length in Ukraine, a high metal content and a 
complex of engineering-geological conditions of work. The operation of water supply systems is complicated by the 
fact that most of the pipelines were installed in 40-70-s years of XX century adjusted by the long-term development 
of cities. Today the pipe diameters exceed the cost-effective factor by 1.5., due to the reduction of water 
consumption, closing of mines and large enterprises. Migration in the territory, which causes a change in the 
network loads, complicates the process of network operation. 
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Besides in the Donbass cities there is a number of larger diameter networks, which, as a rule, show low velocity. 
On network parts small diameter pipes (basically, it is technically worn out pipes) velocities exceed upper rates thus 
causing large losses.  
Regarding to the analysing of the network condition over the past two years, it can be announced that about 1394 
pipe breakages, 3504 of corrosion damages and 2248 joints damages occur in Makeyevka city every year, as a result 
it leads to great water losses. For comparison, in 1998 this value was about 4100 failures per year (Fig.6). 
 
Fig. 6. The number of pipeline failures 1996-2013/ 
The operating conditions are complicated by the great length of networks (Fig. 7) and the presence of mines on 
the territory of Donbass. The total area of lands which were disrupted because of industrial activities is 24270 
hectares. Long-term experience of network operation [12] showed that in mining areas the pipelines were subjected 
to frequent destruction. Numerous cases of pipeline damages are observed in all mining areas. There were several 
serious accidents on water mains in the United States, England, Germany, Belgium and other countries. It is known 
that the accidents may lead to serious consequences and substantial losses. 
 
Fig. 7. Dynamics of network failures in Makeyevka city depending on the length of pipelines 
The comparative analysis of the operation of underground pipelines of Donetsk coal basin is shown in Fig. 8. 
The pipeline accident rate dependence on the length of undermined part of the considered area was detected 
during the research of water networks failures (Fig.9). 
As it is shown in Fig.9, the increase of the percentage of the pipeline located near mines leads to the increase of 
the failures rate, and water losses. If take into account that the average failure rate in Ukraine is equal to 1.1 failures 
per 1 km of the network, it may be noted that the percentage of water loss in Donbass will be higher than in other 
cities in the country [12]. 
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Fig. 8. Dependence of the number of failures on the total length of the pipeline 
The number of pipeline failures varies with time (Fig.10). It can be explained by the fact that in wintertime, when 
the strain stresses occur in the metal pipes they are summed to the strain stresses caused by the mining and it lead to 
the destruction of welded joints. Such regularity is not observed when the cast-iron pipes are used due to the lower 
coefficient of linear expansion of iron and some elasticity of spigot joints. 
      
                           Fig. 9. Effect of undermined territories                                     Fig. 10. Dependence of the number of pipeline  
                                  on underground pipelines failure                                                                           failures on the season 
The specific feature of failures of the steel pipes which were installed in the mining areas is a break in the steel 
joints with divergence of broken ends, and their displacement in a vertical plane. Such breaks indicate the presence 
of strain stresses in the pipelines. For example, on a steel pipeline Krynka-Makeyevka with the diameter 600 mm 
breaks in joints were observed. They were accompanied by a significant divergence of ends up to 70 mm. The pipe 
flattening was observed in the compressed part of the trough, whereby there was a pipe shortening in 150 mm at its 
actual length in 6 m. 
Pipeline breaks in the transverse direction on pipe body were not observed. This indicates that the welds are not 
of equal strength with the base metal and can be damaged in areas of weakness. 
The accident rate of cast-iron pipes is slightly lower than of steel pipes (Fig. 11). There were cases observed 
when the cast-iron pipes experienced the soil deformation with no signs of damage, and steel pipes, which had been 
installed nearby, were ruptured [13]. It can be explained by the compensative capacity of the socket welds. 
Main features which characterize the cast-iron pipes failures are the disorder of the socket welds, the output of 
bells spigot and bells destruction under the influence of compressive forces. 
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Fig. 11. Changes in the intensity of pipeline failures on the undermined territories in time 
The intensity of network failure in 2013 in Makeyevka city reaches 5.1 for a number of pipelines (Tab. 3). 
Table 3. The accident rate of water supply networks in the average operation conditions. 1/km/year 
Main diameter. 
[mm] 
Pipe material 
Steel Cast-iron 
Average value in cities [14, 9] In Makeyevka Average value in cities [14, 9] In Makeyevka 
< 100 0.71-0.80 21.70 0.50-0.60 54.40 
100-125 0.65-0.70 1.50 0.42-0.46 2.10 
150-200 0.34-0.40 0.70 0.30-0.35 1.10 
400-500 0.22-0.25 4.60 0.23-0.25 22.10 
> 600 0.10-0.20 0.80 0.20-0.30 28.60 
Maximum accident rate occurs pipelines with small diameter. According to Khramenkov S.P. the ductile cast-
iron pipes are normally characterized by the minimum coefficient of failures (with a diameter up to 300 mm) 
(Fig.12). Therefore, the ductile cast-iron pipes can be recommend for replacing the steel pipes on undermined 
territories. 
 
Fig. 12. The dependence of the accident rate on the diameter of pipes [11] 
Today water supply networks work under unsteady flow in Ukraine. The pipelines throughout the day constantly 
work within a variable mode of both the flow and the pressure in the network. 
Unlike the water mains, the almost complete clogging occurs in the pipes with diameters ranging from 100 to 
300 mm.  
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Regarding to the current research the identity of the metal concentration in drinking water "at the tap" and in a 
raw water source was determined. It was caused by a small part of the iron oxide in a form of a gel which occurred 
in the pipelines. Often water "at the tap" has a higher content of iron, copper, zinc, lead and cadmium than the raw 
water or water only released outside of the treatment plant, which is explained by the interaction of water with low 
pH, with the metal parts of water supply systems. This situation increases the risk for health by sanitary indicators.  
It is connected with the internal corrosion of pipes, and the impact of the external environment. The corrosion 
processes are developed in the cavity of inner wall of steel pipe that leads to a constant reduction of the pipe initial 
thickness due to the unsteady flow of water and turbulence inside the pipe. During the process of expanding a cavity 
inside the pipe is transformed into a truncated cone, where we can observe the membrane formation on the plane of 
the upper base section that isn't capable to sustain fluctuation of pressure in system of PRV due to reduction of pipe 
thickness caused by deterioration. The membrane breaks contribute to failures at this part of pipeline in the form of a 
flaw. In such conditions, the corrosion in steel pipes is irregular, so it can lead to "pitting corrosion" and a network 
failure in the form of a flaw. Before the flaw formation the thickness of the pipe is reduced to membrane fixed at its 
contour due to corrosion processes. 
Acceptable pressure inside the pipe is determined by the formula (Eq. 2): 
ɧ
f in
P
r
V G
J
 

, (2) 
Elasticity limit Rɭ for steel St-3 (quiet) is Rɭ = 2200 kg/cm2. Considering low stationary additional loads and 
rather large non-stationary loads listed above, the reliability index Jf  can be accepted as 3. Considering also the 
pressure fluctuations which affect the membrane formed by "pitting corrosion" we accept the coefficient of the 
conductions of work Jc  as equal to 0.7. Then, the allowable stress is  
15407.02200    cɭR JV kg/cm
2.  
With a pipe diameter of 100 mm, the membrane thickness will be 0.08 cm. Let us find the acceptable internal 
pressure, without taking into account the corrosion processes 
37.49
055.43
39.01540  

 ɧP  kg/cm
2.  
They are much higher than the maximum possible values in the operation of pipes. Consequently, the averaged 
normal stresses in the pipe are not dangerous for the new pipe. However, you should pay attention to the fact that the 
thickness of the pipe wall for 45 years of operation in the place of "pitting corrosion" has been reduced from 0.39 
cm to 0.08 cm. Therefore, the speed of the external and internal pitting corrosion would be ௅ Vcor=(3.9–
0.8)/45=0.0689 mm/year at the considered part of membrane which was formed.  
There is another assessment based on the determination of maximum stresses on the membrane. They are 
defined by the Eq. 3: 
3
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Pressure may reach 9.5 kg/cm2. The radius of the membrane is about 5 mm. Then the maximum voltage would 
be: 
.kg/cm1687
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It exceeds the allowed values and the calculation result. 
The number of damages which are caused by occurrence of flaws in steel pipes increases not only with abrupt 
changes in modes of pumping stations operation, but also with ordinary stationary loads. 
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Therefore, we can make a conclusion that due to infrastructure deterioration, both open and hidden pipe damages 
can occur. Such damages can be cause of flooding towns that can lead to large water losses and unaccounted costs 
for running water. These circumstances require areas of maximum damage and rehabilitation to be detected. 
The analysis of pipe breaks allows to assume the pipeline failures for the next 5-10 years. The reliability of such 
calculation increases with regard to the duration of preliminary forecast and forecast periods. There are two possible 
methods of forecasting for this case: direct forecast with using the increase trend of the total number of annual pipe 
breaks which occurred in 1998-2013 (preliminary forecast period is 6 years), and the estimated forecast with using 
the dependence N(t) for all similar objects and structures in different periods of time (preliminary forecast period is 
20 years). The reliability of the second method should be higher due to the length of the preliminary forecast period. 
Forecast calculation is determined by the Eq.4: 
i
T
i
n
i
T
ic TTttNTN 0
1
;)()(   ¦
 
, (4) 
The number of annual pipe breaks on different pipelines has an upward trend to increase depending on service 
duration. Sample correlation coefficient of this dependence is 0.79 that indicates the satisfactory connection between 
N and t. It allows to assume the number of pipe breaks for following years, smoothing the random scatter in the data. 
The results obtained according to both methods are shown in Fig.13. 
 
Fig. 13. Dependence of the number of pipe breaks N on the service duration of the pipeline T at: 1 – direct forecast 2 – estimated forecast
The reactions between the water and the material of the pipeline occur during the transporting of water in the 
steel pipe main [14-20]. It is known that with an increase in water temperature the chemical and biological processes 
in water are enhanced [21-24], and the water quality is changed depending on the time that water remains in the pipe 
system. It leads to the rubs (roughness) occurrence on the inner surface of pipes and their extension over time. 
The corrosion damage occurs on the outside and the inside walls of pipes. It leads to the formation of numerous 
bumps aroused by corrosion products. There are especially many bumps on the socket welds, which often coalesce 
into a continuous line. According to chemical analysis (on the example of pipelines in Donetsk region), water 
contains Fe2O3, MgCO3, SiO2. A slight amount of iron sulphide was found in sampled dregginess from the layer 
near the pipe. 
It should be noted that the weight of deposits on the inner surface of the pipeline dy = 1000 mm at a height of macro 
roughness of 6.3 mm which was  scraped around the perimeter with length of the pipe of 1 m. after drying was 6 kg. This 
amounted to 2% of the pipe weight with the length of 1 m. and d = 1020x12 (298 kg). Analysis of measurements of macro 
roughness suggests that there are three phases of macro roughness extension: phase I – the intensive growth of the 
sediments and macro roughness; phase II – the slow growth of macro roughness, and phase III – stabilisation of macro 
roughness growth. 
There are various macro roughness’s of different shapes and sizes, height and weight, which resemble stalactites 
on the inner surface of existing water mains. In the dry form, they are brown friable porous mass of various shapes 
with a density 1.4-1.6 g/cm3, an open porosity of 51-55%, 33-39% with water absorption. The data of the chemical 
composition and fractions of the components is shown in Tab. 4. 
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Table 4. Mass fraction of components, % 
Indicator volatile after calcination SiO2 Fe2O3 FeO CaO SO3 P2O5 MgO TiO2 other 
Value 17.96 2.24 67 5.17 1.26 1.74 0.86 – – 3.77 
As it is known the inner encrustation of pipes provides a perfect environment for the growth of anaerobic 
bacteria, which promote corrosion of the metal and degrade the quality of water.  
3. Resume 
To improve the reliability of the water supply system it is necessary to conduct certification and inspection of 
pipelines. If the degree of the pipe walls deterioration and period of its operation are known, it is possible to 
calculate the average internal rate of corrosion and to make decision about the replacement or rehabilitation of the 
pipeline. 
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